Introduction
Carbon molecular sieves (CMS) have important applications in the chemical and petrochemical industries in separation and catalytic processes based on the different adsorption of components from gaseous or liquid phases. Separations using CMS are obtained by differences in the diffusion rate and/or adsorption rate constants of the species involved even in cases where the equilibrium adsorption capacities are sometimes nearly identical [1] . The adsorption kinetics is the result of a complex influence of the size, shape and electronic structure of the gas molecules to be adsorbed in relation to the micropore type and size and to the surface functional groups present on the material. Two of the most commercially significant separations are CO 2 /CH 4 and O 2 /N 2 . Apart from other significant applications, like the recovery of CH 4 in fermentation processes [2] and in purification of natural gas [3] and the production of nitrogen and oxygen from air by pressure swing adsorption (PSA) [4, 5] , the adsorption of CO 2 is of primordial relevancy for the mitigation of global warming by decreasing the emissions of gases with potential greenhouse effect.
Activated carbon fibres (ACF) have recently been used as CMS taking advantage of their unique porous characteristics. ACF have very uniform micropores that open directly to the exterior, which leads to high rates of adsorption from the gas phase. The successful preparation of CMS in monolithic shape has been reported in the literature for some precursors and ACF types [6] [7] [8] [9] [10] [11] . However, to our knowledge, the study of the monolith's preparation conditions on the CMS properties using commercial acrylic fibres has never been published. Also, some of the binders used in this work were never tested for this propose.
Experimental
Monolith Preparation. The cylindrical monoliths were produced by pressing the mixture (commercial acrylic textile fibre+binder+solvent) uniaxially at 10 000kg for 20 minutes in a 13mm Specac die, in vacuum. The resulting green monolith was heated in a horizontal tubular furnace to 300ºC at a rate of 1ºC/min under a constant N 2 flow and maintaining for 2h. After the stabilisation step the temperature was raised at a rate of 5ºC/min to 800ºC and maintained at the carbonisation temperature for 1h. Activation was carried out at the same temperature for 2h under a carbon dioxide flow. The solvents used were water and toluene. A minimum volume of solvent was used in order to promote the mixture. The binders used were phenolic resin, polystyrene, polymethylmethacrylate and clay (kaolin). When phenolic resin was used the compacts were first cured at 150ºC for 1h in an electric oven prior to the stabilisation/carbonisation/activation procedure. All the conditions used are indicated in table 1 as well as the sample designations. Monolith Characterisation. Samples were characterised using a scanning electron microscope (SEM; model S-3600N, Hitachi, Japan) equipped with an energy-dispersive X-ray spectrometer (XFLASH Detector 3001, Röntec GmbH, Germany). The specimens for SEM observation were prepared by sputter-coating (model Polaron SC7640, Quorum Technologies Ltd, U.K.) the monolithic top surfaces with Au-Pd. Imaging was done in the high vacuum mode at an accelerating voltage of 30 kV, using secondary electrons. Helium density was determined by pycnometry in an Accupyc 1330 from Micromeritics. Gas Uptake Experiments. The adsorption of O 2 , N 2 , CO 2 and CH 4 at 25ºC was determined using a classical glass adsorption manometric apparatus, equipped with an Edwards Barocel 570 capacitance manometer and an Edwards Datametrics 1174 control unit, for pressure measurement. After outgassing the materials at 300ºC, the probe molecule at an initial pressure of 955mbar was introduced and the uptake measured as a function of time.
Results and Discussion
Monolith Preparation. The helium density (d He ) of the carbonised and activated monoliths is within the range 1.7 to 2.2gcm -3 and 1.9 to 2.7gcm -3 , respectively, as can be seen in table 1. Also, as a general trend we can refer that d He generally increases during the activation, which can be due to the release of the binder from the structure and the subsequent monolith shrinkage and densification. The highest d He is observed for the monoliths prepared with clay as binder because, as shown in fig. 6 , clay particles are aggregated to the fibre surfaces filling the voids between the monolith's fibres. The produced monoliths have higher d He than other reported values for monoliths made with phenolic resin as a binder and from other precursors, such as pitch fibres [12] and Nomex [13] . Our values are about three times bigger than those reported for monoliths made from anthracite activated carbons [12] .
The carbonisation yield was between 30%wt and 55%wt the higher values being obtained for the use of clay as binder and the smaller values observed for the samples FRAC, FRC and FMAC. The use of toluene as solvent always leads to higher carbonisation yields. The monoliths diameter shrinkage during carbonisation is dependent on the method used. On one hand, the use of clay leads to the monoliths shrinkage in approximately 18%, which is the lowest diameter decrease observed. On other hand, the use of other preparation conditions leads to shrinkage between 40 to 60%. The highest diameter diminution was observed on samples FMC, FMTC and FETC. Noteworthy, is the increase in monoliths height in the case of the monoliths produced without binder and with clay.
During activation with carbon dioxide a further monolith shrinkage between 6 and 70% occurs. The general behaviour observed during activation is the same as that reported above for the carbonisation. Fig. 1 shows the macroscopic aspect of the monoliths after activation. The activated cylindrical monoliths are composed of an assembly of activated carbon fibres (ACF), clearly visible by SEM in fig. 2 to 6 , which maintains the kidney bean cross-section of the precursor, as highlighted on fig.2 . fig. 4 and 5 respectively. Polystyrene leads to higher fibre degradation and polymethylmethacrylate promotes the fibre aggregation into clusters which are much more brittle and detrimental for the mechanical and the carbon molecular sieves properties. This effect was not visible when the polymethylmethacrylate was used without solvent (FMC, FMA). On the other hand, when clay is used the fibres become protected by the binder, as shown in the fibre magnification on fig. 6 . Clay is the only binder visible by SEM after the monoliths activation. Carbon Molecular Sieve Properties. Gas uptake experiments revealed that all the carbonised monoliths only adsorb very small gas volumes and therefore cannot be used as CMS. The activation was performed in order to selectively open small pores in the monoliths which allows the adsorption of smaller gas molecules, such as CO 2 and O 2 , and exclude from the porous structure bigger molecules, such as CH 4 and N 2 , and thus obtain a material with good carbon molecular sieve properties that permit the gas separations wanted. The kinetic diameters of O 2 , N 2 , CO 2 and CH 4 are 3.46, 3.64, 3.30 and 3.80nm, respectively. All the molecules have linear geometry, except methane that has tetrahedral geometry [6] . Please see reference [6] for further details on CMS adsorption mechanisms. The volume adsorbed (in NTP obtained by the ideal gas equation) and the gas separation selectivity, determined by the ratio between the gas adsorbed volumes, is shown in table 2. As can be seen in table 2 some of the activated samples have good CMS properties indicated by high selectivity and adsorption capacity. Noteworthy is the effect of using solvents to prepare the monoliths. In the case of monoliths prepared without binder and with clay as binder the solvents were detrimental for the CMS properties (sample FA, FTA and FAA and FKA, FKTA and FRKTA). On the contrary, when phenolic resin was used as binder the only sample with good results was the sample prepared with toluene as solvent (FRTA).
Monolith production conditions are determinant for the CMS properties. The use of polymethylmethacrylate, clay and polystyrene as binder are totally unlikely to give good results for the tested gas separations. Additionally, the polymers also produce monoliths with less mechanical strength, as shown previously. The best results are obtained for samples FA and FRTA, which can be considered excellent to be used as CMS for the separation CO 2 /CH 4 and O 2 /N 2 . Published work using the same methodology that we have used indicates that for O 2 /N 2 separation selectivity of about 10 with O 2 uptake of about 4cm 3 g -1 can be considered reasonable for a laboratory sample [2] . Whereas, for CO 2 /CH 4 separation various authors have reported selectivity greater than 40 with CO 2 uptakes as high as 45cm 3 g -1 in special cases [1, 2] . Nevertheless, the adsorption capacity of about 25cm 3 g -1 can be considered as a high-quality value. It seems that during the activation the reaction between the activating agent, carbon dioxide, and the char physical structure of the monoliths was, in the cases were binder was used, very incipient without the creation of significant porosity that will allow the gas adsorption. This unproductive fact can be due to blockage of the pores when clay was used, as shown in fig. 6 large part of the fibres surface are covered with clay. In other cases probably the CO 2 reacts first with binder and so further activation will create the needed porosity. In FA and FRTA there most likely exists a direct and faster reaction with the material.
Sample FA is also very interesting because the preparation procedure is the most economical and environmentally friendly, as it only uses the acrylic fibre without any solvent or binder. This sample, as well as others, has no adsorption or only a residual adsorption for N 2 and CH 4 , which leads to a high selectivity value. Some samples despite the high selectivity have relatively low adsorption capacity which can be overcome by using higher gas pressures, as in the case of the industrial equipment PSA (Pressure Swing Adsorption) used to produce pure gases from mixtures.
Conclusion
The CMS properties and the monoliths morphological aspect are a function of the binder used. We can conclude that the use of polymethylmethacrylate and polystyrene is negative in all respects. The use of clay is also unfavourable for the gas separations. The best sample to perform the separations is FRTA with an almost infinite selectivity for CO 2 /CH 4 due to a minimal CH 4 adsorption capacity. The monolith produced without binder, FA, can also be considered an excellent CMS. In this case the medium adsorption capacity is overcome by the almost total exclusion of N 2 and CH 4 from the porous structure. This exclusion can be used as an advantage in PSA systems.
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